Abstract: the importance of liquefied natural gas (LNG) is rising as demand for it grows rapidly and steadily due to growth in energy demand, the transition to a low carbon economy and the longer distances over which natural gas is now traded. Given its importance, this work proposes an optimization model that assists to decide on when and where LNG should be delivered by coordinating tanker type, assignment and routing, inventory management, contract obligations, arbitrage and uncommitted LNG. The model maximizes the profit mainly by taking advantage of price differences between different markets.
Introduction
Natural gas, given its favourable environmental properties and substantial untouched reserves, is a vital primary energy source. It is well-placed to supply the world's increasing energy demand and to replace more polluting primary energy sources, such as coal and oil (Moniz et al., 2011) . About onethird of the total natural gas produced in 2014 was exported internationally. There are two ways of exporting natural gas: via pipelines for near markets, and by sea in its liquid form, known as liquefied-natural-gas (LNG), for distant markets. Liquefying natural gas and exporting it by deep-sea vessels becomes economically more viable than the use of off-shore pipelines, if the gas market is farther than about 1,100 kilometres (km). In economic terms, the equivalent distance for on-shore pipelines is approximately 3,500 km (Michot Foss, 2007) . The importance of LNG is rising as demand for it grows faster than demand for pipeline gas (Hawk et al., 2013) . LNG is delivered through a supply chain made of four phases: the first is gas extraction from the reserve. Liquefaction follows where gas is liquefied and is placed in storage tanks. Next, shipping is carried out by tankers. The final stage is regasification, where the LNG received is regasified and pumped into the trunk gas supply grid.
This work addresses the most profitable way of distributing LNG on a day-to-day basis. It does so by tackling the LNG inventory routing problem (LNG-IRP). This requires scheduling and dispatching the tanker fleet in order to fulfil the committed LNG cargo deliveries, while satisfying operational and inventory requirements. In addition, an efficient day-to-day LNG-IRP method should allow decisions to be made as to where to ship any uncommitted LNG and whether to divert any of the committed cargoes in order to take advantage of possible arbitrage opportunities.
The factors that need to be considered in profitable distribution of LNG can only be appreciated through an understanding of the business structure. Since its expansion in 1964, the global LNG trade has been based on long-term contracts (LTCs), with the duration of LTCs being 20-25 years (Hartley, 2013) . Each LTC has two parties/sides: a producer or seller and a buyer or customer. An LNG project is developed based on a number of LTCs between the producer and several buyers; the Abbreviations (alphabetically): ADP, annual delivery program; cash OPEX, cash parts of operating expenses; a CIF/DES-LTC buyer, an LTC buyer with CIF/DES delivery arrangement; a CIF/DES-LTC cargo delivery, a cargo delivery to the CIF/DES-LTC buyer; an FOB-LTC buyer, an LTC buyer with FOB delivery arrangement; LTC, longterm contract; an LTC buyer, a long-term contracted buyer.
producer is responsible for developing the upstream liquefaction plant and the buyers are responsible for establishing the regasification terminals (Lee, 2005) . Tankers for shipping may be owned by the producer, the buyers, or a third party, and may be dedicated to a specific LTC. Carriage is usually the responsibility of the producer (Ozelkan et al., 2008 ) with a cost-insurance-freight (CIF) or a delivered ex-ship (DES) contract, although the buyer may be responsible for carriage under a free-on-board (FOB) contract. The LTC is a sale and purchase agreement that ascertains and allocates the rights and obligations of the producer and the buyer. In the absence of a liquid LNG market, this agreement distributes the responsibilities for the main risks (price and volume risks) in developing an LNG project, between the producer and the buyer. There are two clauses in an LTC that assist in assigning and bounding these risks: the price clause that links the sale price to that of alternative energy sources at the buyer's market, and the take-or-pay clause that sets the minimum quantity for which the buyer must pay in each year of the contract, regardless of whether or not this quantity is actually taken. A third important LTC clause is the destination clause that seeks to prohibit a buyer from selling an LNG cargo, which is to be delivered to the principally identified regasification terminal/destination/market to any alternative market. Imposing the destination clause on CIF/DES contracts is easy and commonplace as the producer is responsible for the transport. Nevertheless, it has become an acceptable industry practice to divert LNG cargoes to other markets, to be sold on spot, with the mutual agreement of the LTC parties, subject to the agreement as to the split of the margin of arbitrage between the parties. According to Zhuravleva (2009) , if the producer suggests the arbitrage, he might have to replace the diverted cargo for the buyer. For further discussions on business structure in LNG trade see, e.g., Nikhalat-Jahromi et al. (2015) and for statistics on LNG trade see, e.g., IGU (2015).
In an LNG project three different levels of planning are carried out by the producer in integrated LNG liquefaction and shipping: strategic (long-term), tactical (mid-term), and operational (short-term) planning. Only the last is of interest to this work.
Operational planning, i.e. day-to-day LNG-IRP, has not been the subject of much research. (For a survey of IRPs, including LNG-IRPs, see: Andersson et al., 2010a; and, Coelho et al., 2013) . Fodstad et al. (2010) consider an operational LNG-IRP and formulate it as a mixed integer programming (MIP) model. In it, LNG tankers are scheduled and dispatched, while satisfying storage and operational requirements (e.g., technical problems with vessels that make them unavailable) and exploiting spot sale opportunities, in order to maximize the profit. The model developed was specifically tailored to address a practical problem faced by Statoil and GDF SUEZ. Therefore, it takes into consideration very specific and unusual factors, such as, cargo deliveries to buoy ports that can only be carried out by tankers with on board regasification equipment, and partial cargo deliveries. Such deliveries are seldom appropriate in LNG sector, since buoy ports and tankers with on board regasification equipment are uncommon, likewise, partial cargo deliveries are rare due to economic and safety reasons. Consequentially, the resulting model is extremely large and complicated, which explains the lack of follow-up academic research. This paper focuses on operational planning. Its intended contributions are two-fold and can be divided into academic and industrial. An original and easy-to-understand model for the operational LNG-IRP is developed, accounting for the essential factors in such planning at the current global LNG trade, together with a solution approach to solve it. The authors take a corporate finance perspective, thus using a detailed analysis of the revenue and expense elements of the LNG producer enterprise. The model is used for deriving a trade rule (policy) in choosing the proper spot market between Japan and the UK, two prominent spot LNG importers, for spot sale of uncommitted LNG from Middle East, the biggest LNG supply region in the world. The remainder of this paper is structured as follows. Section 2 describes the planning problem. Section 3 examines spot sale of LNG from Oman to Japan and the UK, based on an LNG project inspired by data from industry and existing literature. Finally, Section 4 outlines the conclusions along with a policy suggestion and provides some topics for future research.
Methods: an operational LNG-IRP

Problem description
The foundation is an LNG project in which a producer supplies several long-term contracted buyers (termed LTC buyers) considering both types of cargo delivery arrangements, i.e. CIF/DES and FOB. Arbitrage is permitted with mutual agreement of both LTC sides and it has two types: arbitrage type one, which is suggested by the LNG producer where he needs to replace the arbitraged cargo for the LTC buyer with the CIF/DES delivery arrangement (hereafter the CIF/DES-LTC buyer)-arbitrage is defined for LTCs with destination clauses. And arbitrage type two, which can be suggested by any party but without involving any replacement. Surplus LNG, which is uncommitted to LTCs, can be sold on spot. Note that carrying out LTC deliveries and exploiting spot sale opportunities are essentially the LNG producer's major decisions.
A fleet of heterogeneous tankers is controlled by the LNG producer. The fleet consists of two types: fixed tankers, which are owned either by the producer or by the LTC buyers, or are long-term contracted by the producer; and spot tankers, which are spot chartered by the producer for one trip. Tankers leave the LNG liquefaction plant full and deliver their whole cargo to a regasfication terminal (direct delivery policy is a common practice in LNG sector). Unless contractually forbidden, fixed tankers can be used for any cargo delivery, i.e., uncommitted product, arbitrage and CIF/DES-LTC deliveries. Spot tankers can also be used for any cargo delivery. Each tanker has its own specific capacity and travelling speed. There are a limited number of berths available at the LNG liquefaction plant, therefore if a tanker arrives when there is no free berth it has to stay at anchor. The LNG producer keeps a safety inventory volume in the liquefaction plant's storage tanks. This volume is used for satisfying the LTC buyer's demands in the event of an unexpected failure in the plant.
The goal of modelling, profit maximization for the LNG producer enterprise, is achieved by maximizing the earnings before interest, tax, depreciation, and amortization (EBITDA), a measure of an enterprise's ability to produce profit on its operations, in corporate finance (Damodaran, 2012) . The EBITDA is a suitable metric for short term operational decision making within a longer term financial structure in many infrastructure projects. This metric is obtained by deducting from the revenues resulting from the LNG sales, the cash components of operating expenses (termed cash OPEX) generated by the expenses of the liquefaction plant, tanker fleet, and cargo replacement in arbitrage. This work only considers the revenue and cash OPEX components which depend on the operational decisions of the LNG producer.
Revenues from sale of LNG
For LTC cargo deliveries the time and volume are fixed and established in the annual delivery program (ADP). Note that the ADP is put together by the producer by addressing the LNG-IRP in tactical level of planning, i.e., the tactical LNG-IRP. Geopolitical developments such as political unrest in the LNG producer country, as occurred in Egypt during the Arab spring, or a naval blockade, e.g., in Strait of Hormuz resulting from struggles between Iran and the US, may have implications regarding the LTC deliveries. However, such developments or others resulting in changed time and/or volume for these deliveries are negotiated by the LNG producer and the LTC buyers and are out of the scope of the operational planning. Nevertheless, the model developed here can evaluate the feasibility of the changes agreed upon. The revenues of these compulsory cargo deliveries are determined by the price clause, given the time and volume. Exceptions occur when, with a short notice, a CIF/DES cargo is arbitraged. Thus, the revenue of the deliveries carried out as planned are independent from the decisions of the LNG producer in operational planning. In contrast, the revenues of LNG spot sales are determined by the operational decisions.
In brief, the total revenues that are considered are those obtained through arbitrage and those from selling previously uncommitted LNG. The arbitrage revenue, a.k.a. margin of arbitrage, is the share of the producer in spot sale of the arbitraged cargo net of the previously expected CIF/DES-LTC cargo delivery revenue.
Expenses of the liquefaction plant
The plants are extremely capital intensive facilities and the assumption in developing and running them is that the LNG production occurs at full capacity at all times, unless the plant is turned-off for a scheduled overhaul or there is an unexpected failure (Rakke et al., 2011) . Neither overhaul nor failure are factors under the control of the LNG producer in operational planning. Therefore, the LNG production capacity of the liquefaction plant is input for the operational level. Consequently, all the cash OPEX of the parts of the liquefaction plant that deal with liquefying natural gas are fixed for the LNG producer and are independent of the decisions in operational planning.
With regards to the remainder of the liquefaction plant, that is the storage tanks, cash OPEX is divided into fixed cash OPEX and variable cash OPEX. Fixed cash OPEX, including periodic maintenance, personnel and insurance expenses, are out of the scope of day-to-day LNG liquefaction. The variable cash OPEX for the storage tanks, resulting from circulation of LNG in the tanks and re-liquefaction of the boil-off from the tanks, are related to the volume of LNG kept in the storage tanks and thus are considered in operational planning.
Expenses of the tanker fleet\shipping
Fixed tankers: according to Stopford (2009) , the expenses of an owned tanker can be divided into four main categories: (i) capital costs, which often include periodic payments to the lender banks and equity-investors that financed the purchase of the vessel; (ii) periodic maintenance costs, for dry-docking and surveys; (iii) operating costs, comprising of manning, stores, routine repairs, insurance, and administration fees; and (iv), voyage costs, generated by fuel costs, port charges, and canal dues. In this work, only costs of category (iv) are taken into account, since category (i) costs are out of the EBITDA's scope and categories (ii) and (iii) are fixed cash OPEX.
The fleet of LNG project's fixed tankers includes long-term contracted vessels. Two types of agreement are used in long-term contracting LNG tankers: time charter and bareboat charter contracts. In time chartering, the vessel owner, for a fixed charter rate per day, month or year, operates the tanker for the charterer, i.e., the LNG producer. In addition to the charter rate, the charterer pays the voyage costs too. In bareboat chartering, the charterer operates the vessel and pays the periodic maintenance, operating and voyage costs in addition to a fixed charter rate (Stopford, 2009 ). Therefore, since only variable cash OPEX are considered in EBIDTA calculation in this work, only the voyage costs of long-term contracted tankers are of interest.
Spot chartered tankers: to the knowledge of the authors, voyage charter contracts are used for tanker spot chartering in the LNG sector. The spot charter fee may be an agreed amount for a particular voyage or a cargo related rate, typically in US dollar-per-tonne ($/tonne) or US dollar-permillion British thermal units ($/MMBtu). Since this is variable cash OPEX, it needs to be taken into account. Note that, in arbitrage, the tanker expenses are the variable cash OPEX in shipping to the arbitrage market net of that in shipping to the primary market.
Expense of cargo replacement in arbitrage
Given the type of arbitrage, the LNG producer might need to replace the cargo for the LTC buyer. As this need is generated by the decisions made in operational planning, it is a variable cash OPEX and thus must be taken into account.
The time value of money is not taken into account in this work. Since the very short time horizon in operational planning results in marginal and negligible effects for this factor in the decisions made. Note that, the typical time horizon is three months, however the plan is renewed usually every twoweeks to one month on a rolling horizon basis (Andersson et al., 2010b).
Mathematical model formulation and implementation
The mathematical and solution details in Subsections 2.2 and 2.3 may be omitted at a first reading by those whose main interest lies in the general description of this model and its application to developing a trade rule for the spot sale of uncommitted Middle Eastern LNG.
An original MIP model is developed in this work. Maritime IRPs, given the types of decision associated with them, are generally formulated as MIP models (Christiansen and Fagerholt, 2009 ).
Let D, indexed by d and g, be the set of all the regasification terminals/markets/destinations for LTC, arbitrage, and uncommitted product deliveries. The set of CIF/DES-LTC buyers' destinations is defined as , where ⊆ D. Consider a planning horizon H, indexed by h, and two arbitrage types indexed by ∈ = {1, 2}. Finally, let T, indexed by t, be the tanker fleet, where the disjoint sets ̂ and ̌ represent, respectively, the fixed and spot tankers (̂∪̌ = T).
The parameters used in the model formulation are presented in Table 1 and the decision variables are characterized in Table 2 . ℎ is a multiple of fixed tanker's capacity, considering boil-off in the tankers. 
Objective function
The objective function, which has six components, maximizes the EBITDA over the course of the planning time horizon. Components (1.1) and (1.2) represent the revenues in spot sale of uncommitted product and arbitrage, considering the boil-off in laden and ballast trips of the tankers. The other four components are expenses: component (1.3) refers to the expenditure incurred with the replacement of arbitraged CIF/DES-LTC cargo deliveries. Component (1.4) represents the shipping expenses incurred in all cargo deliveries. The last two components (1.5) refer to inventory expenditures, namely the storage tanks expenses and a penalty for shortage in the safety inventory volume. This penalty prevents the usage of safety inventory under normal circumstances when there is no failure in the liquefaction plant.
Constraints for liquefaction plant's storage tanks
Constraints (2) are the balance constraints. Constraints (3) limit the LNG volume in the storage tanks, and constrains (4) flag an LNG volume in the storage tanks bellow .
Constraints for fulfilment and arbitrage of CIF/DES-LTC cargo deliveries
The CIF/DES-LTC buyers' demands ought to be fulfilled [constraints (5)], unless arbitraged [constraints (6) ] through arbitrage types [constraints (7)].
Constraints for berthing services
Berth capacity at the destination and berth availability at the plant are ensured by constraints (8) and (9), respectively.
Constraints for tanker assignment to cargo deliveries
Constraints (10) state that spot chartered tankers can do a single cargo delivery, while constraints (11) ensure that fixed tankers are assigned to at most one cargo delivery type.
Constraints (12) to (14) enforce that assigned fixed tankers remain assigned until the return trip is concluded, for CIF/DES-LTC, arbitrage, and uncommitted cargo deliveries, respectively.
2.2.6. Constraints for tankers unavailability Constraints (15) make sure that unavailable tankers are not assigned to any cargo delivery.
Constraints for defining the nature of decision variables
ℎ ≥ 0. ∀, ℎ ∈ ℎ ∈ {0,1}. ∀, ℎ ∈ ℎ ∈ {0,1}. ∀, ℎ ∈ , ∈ , ∈ ℎ ∈ {0,1}. ∀, ℎ ∈ , ∈ , ∈ , ∈ , ∈ ℎ ∈ {0,1}. ∀, ℎ ∈ , ∈ , ∈ } (16)
Solution approach
The model is programmed in and is optimized by ILOG CPLEX Optimization Studio 12.6.1, while for each time horizon the data is read from and results are exported to Excel spreadsheets. The resulting implementation, which is named the software for operational LNG liquefaction and shipping (abbreviated as SOLaS), involves pre-and post-processing procedures written in Excel by Microsoft Visual Basic. These routines play a significant role in planning consecutive time horizons on a rolling horizon basis in SOLaS.
Pre-processing: updates, at the beginning of the planning horizon, the initial inventory level, 0 , as well as the tankers unavailability, ℎ .
Post-processing: addresses both the penalty imposed on cutting into the safety inventory volume, and the eventual surplus or deficit in arbitraged LNG.
 The last component of the objective function imposes a fictitious penalty on cutting into the safety inventory volume, which, in case of occurring, has to be added back to the value of the objective function before it is reported.
 The difference in the shipping time of diverted cargoes with their original shipping time might lead to a small surplus/deficit in the LNG sold designated as ℎ , see equation (17) . Whenever the accumulated value, over multiple time horizons, becomes meaningful it is settled, with mutual agreement of the LTC sides, as an amendment to the buyer's demand profile. Otherwise it can be dealt with as a cash transaction in the end of ADP.
It was noted before that the operational plan is usually renewed every two-weeks to one month. However, due to unexpected events, such as reduction in LNG output, a technical problem with a fixed tanker, or a sharp change in spot prices, an earlier rolling of the time horizon may be required. This is accomplished by stopping the execution of the plan, modifying the data parameters to consider the incident(s), and running SOLaS to obtain a new plan, which is then used.
Numerical analysis and discussion
An LNG project inspired by data from industry and existing literature
The practical use of the model is illustrated by a real world decision-making problem in an LNG project. The project settings and scenarios are briefly described here, the reasons behind the choices, and all other details are provided as supplementary material in Appendix A.
Consider an LNG producer in Middle East, the biggest regional source of LNG supply in the world, whose entire production is dedicated to two LTC buyers on CIF/DES arrangement in Asia and NorthAmerica. The plant is assumed to be in Oman at Qalhat and the regasification terminals are respectively located at Incheon in South Korea and at Everett in the US, which indeed all host real LNG facilities. Table 3 presents the list of LTC deliveries to these destinations for the next three months. The distance between the facilities in Oman and South Korea is 5,641 nautical miles (NMs) and between them in Oman and the US, through the Suez Canal, is 7,510 NMs. Further, consider Japan and the UK, two prominent spot LNG importers, as the potential spot markets for the project. The average distance between the British major regasification terminals, i.e., Grain, Dragon, and South Hook, and the Omani liquefaction plant, via the Suez Canal, is 5,665 NMs; while this distance for the key Japanese terminals, i.e., Sodeguara, Senboku, Negishi, Futtsu, and Higashi-Ohgishima is 5,944 NMs (Sea Rates, 2015). This project, in the next subsection, is used for creating a trade rule, through sensitivity tests on a single time horizon with the length of three months, for spot sale of uncommitted Omani LNG to the two aforementioned spot markets, for the near future (2015 up-to 2020). Looking further due to the uncertainty in prediction of the factors involved is not pursued, however, the methodology of this work can be used for deriving the same rule for farther periods, later with having more accurate data.
The plant is assumed to have a daily production capacity of 20,000 tonnes of LNG, two storage tanks holding up to 140,000 m 3 each, and a single berth. The fleet consists of 10 fixed tankers, each having an average speed of 19.5 knots and capable of carrying 165,000 m 3 of LNG. The return trip durations to South Korea, US, Japan and UK have been calculated to approximately, 26, 36, 28 and 28 days, respectively. Each tanker burns 150 tonnes of fuel oil equivalent (FOE) per day on the laden voyage and 135 tonnes of FOE per day on the ballast voyage. The port charges for a return trip have been estimated to be $300,000 (Androsova, 2015) and the Suez Canal fee is $850,000. Regarding the FOE, the fuel oil needs are only about half of what is burnt since the other half comes from the natural boil-off. Currently the fuel oil of choice for LNG tankers is intermediate fuel oil (IFO) 380. In the sensitivity tests ahead, three price scenarios for IFO 380 are considered. These are defined, based on the predicted oil prices for near future, as: the floor: $146/tonne, the middle: $240/tonne, and the cap: $333/tonne scenarios.
LNG spot prices are highly volatile and therefore very difficult to predict. In this research, a floor price of $4/MMBtu is assumed, since this is the record low spot price experienced by both the UK and Japan. Nine scenarios corresponding to nine ordered pairs of price (UK, Japan) are considered, with differences ranging from -$8/MMBtu to $8/MMBtu, in multiples of two: A (12,4), B (10,4), C (8,4), D (6,4), E (4,4), F (4,6), G (4, 8) , H (4,10), and I (4,12).
A trade rule for spot sale of uncommitted LNG from Oman to Japan and UK
Considering the variable factors defined above, i.e. LNG spot price and fuel oil price, this subsection focuses on interaction of these two, and aims to derive a trade rule. The LNG producer enterprises in Middle East are in close proximity and operate in the same commercial climate. Hence, any rule derived for Oman can be extended to the whole region.
The model was solved for all 27 combinations of IFO 380 and LNG spot price scenarios. Note that for the sake of sensitivity tests in this subsection, LTC cargo delivery no. 7 in Table 3 is removed and assumed to be uncommitted. Figure 1 summarizes the results obtained, while detailed results are presented in Appendix A: supplementary material. As it is observed, somewhere between spot price scenarios D and E the spot market of choice changes, regardless of the price scenario for IFO 380. To determine where the decision on spot market choice changes, a new price scenario, designated as D', is defined with the UK and Japan spot prices, respectively, being $5/MMBtu and $4/MMBtu. For this new scenario, and for all IFO 380's price scenarios the choice is the UK. Therefore, the cutoff line of market choice is in fact between D' and E. Next, a forced sale to Japan for spot price scenario D' and to the UK for price scenario E is considered. Table 4 reports the objective function values with and without forced sales. As it can be seen, the objective function value differences, between the forced and unforced sales, for spot price scenario E are very small. This suggests that in spot sale of uncommitted LNG from Oman/Middle East to Japan and the UK, regardless of the fuel oil price, the market with the higher LNG spot price should be picked. To evaluate this hypothesis in more detail, a further set of sensitivity tests with new spot price scenarios has been carried out. In the new scenarios, ranging between $5/MMBtu and $12/MMBtu, the spot prices of the UK and Japan are equal. The difference between the objective function values in forced and unforced sales in all these tests for floor, middle and cap price scenarios of IFO 380 are, respectively, $0.829 million, 0.816 million and $0.803 million. Details of the tests are reported as supplementary material in Appendix A. Therefore, the aforementioned hypothesis is correct, as the difference is always small and never goes beyond $0.829 million.
The observed differences in objective function value\EBITDA (maximum $0.829 million) are insignificant and could easily be exceeded by changes in factors such as the fuel consumption of an LNG tanker affected by weather and other unpredictable sea conditions, boil-off rate, etc. (Wang et al., 2014 ). These differences become even smaller and more trivial to the LNG producer enterprise considering that what really matters to an established enterprise's equity-holders and is their goal beyond tactical and operational planning, is the maximization of net-income in the end of each fiscal year. In calculating the net-income, the tax and royalty that together in Middle Eastern LNG projects are 25%-55% of EBITDA (Deloitte, 2015) are also deducted; hence 25%-55% of these differences does not belong to the enterprise to begin with. Here it is assumed that there is no interest expense on the income statement of the enterprise, since the repayment period of the loans received for financing the capital expenditures (CAPEX) of the projects in Middle East has long past. If a Middle Eastern enterprise has such an expense, resulting perhaps from borrowed money for financing its working capital, that would be deducted from EBITDA as well, then the observed differences would be even more inconsequential to net-income.
Conclusions, policy implication and further research
EBITDA has been selected as an appropriate measure for an LNG producer enterprise in operational decision-making in integrated liquefaction and shipping. A comprehensive analysis of the revenue and expense elements of the LNG producer shows that the following financial components are important in maximization of EBITDA/profit for the enterprise: (i) the revenues from spot sale of uncommitted product and from arbitrage, the latter are net of lost revenues due to cargo diversion; and (ii) the variable cash OPEX resulting from expenses of LNG circulation in the liquefaction plant's storage tanks and re-liquefaction of boil-off, replacement costs for cargoes arbitraged, tanker spot chartering fee, and fixed tankers' voyage costs, albeit net of saved tanker expenses for diverted LTC cargoes for the last two terms.
This analysis is followed by a state of the art MIP formulation which maximizes the revenues minus the variable cash OPEX. The formulation is programmed in and solved by ILOG CPLEX Optimization Studio 12.6.1 in combination with Excel. This implementation, which is named SOLaS, is/could be a very useful tool to LNG producers, since it makes use of a rich mathematical formulation, which considers an array of common issues in operational decision-making. The value of this tool is emphasized by the fact that many LNG producers still rely on manual planning and rules-of-thumbs in operational decision-making (Fodstad et al., 2010) .
From the point of view of policy implication, using some sensitivity tests carried-out on a realistic LNG project, a simple yet elegant trade rule is derived: for the near future (2015 up-to 2020), a Middle Eastern LNG producer, deciding between spot sale of his uncommitted cargoes to Japan or to the UK, should dispatch it to whichever market that has a higher spot price. The tests indicate that the decision on choosing between these two major spot markets is relatively insensitive to the fuel oil price and to transport costs but rather depends on the LNG spot price. The suggested policy is consistent with the opinion of Jensen (2004) , in that, it implies the Middle East, given its strategic geographical position, can be a swing supplier, within the range of reasonable price differences, to the two major LNG consumption regions of the world, Europe and Asia; while the other key LNG supply region, Asia-Pacific, has to focus on Asian markets. Details on interregional trade trends can be found in, e.g., IGU (2015).
There are several interesting ways in which this work could be extended; here three of them are outlined:
Model extension: (i) constraints (6) in Section 2 determine the arbitrage timing so that the cargo dispatched for the arbitrage destination may be delivered to the LTC buyer's regasification terminal at its designated time in the ADP. To the authors' knowledge this is a common arrangement given the logistical constraints, such as storage tanks capacity, in the LNG sector. However, there may be cases whereby dispatching does not occur in this way. An extension to the mathematical formulation could cover these states and permit arbitrage with other dispatch timings.
(ii) There is a growing tendency among LNG producers for vertical integration of supply chain by including the regasification phase; a thorough discussion on this can be found in, e.g., Nikhalat-Jahromi et al. (2015) . International oil companies such as BP and Shell have formed LNG portfolios, combining the supply of LNG from several liquefaction plants and using their tankers to feed into their regasification capacity across the world. Given these developments, extending the formulation for accommodating the supply from several enterprises, and managing the downstream regasification terminals in terms of berth, tank-farm, etc., may be useful.
Solution approach: (i) SOLaS, although a powerful tool, does not have a user-friendly interface. This makes it difficult for non-academics\planners to use it. Programming a graphical interface for it would pave the way for SOLaS to become a commercially viable product.
(ii) SOLaS can manage realistic project sizes, since it took less than one minute to solve a project involving five destinations and 35 tankers while larger projects are unlikely. However, if the above suggested portfolio configuration for the formulation proves calculation-wise intractable, development of a heuristic algorithm becomes necessary.
Widening the scope of application (other trade rules for Middle East): (i) since 2008
, as the result of surge in shale gas production in the US, the cargoes destined by many LTCs for North-America, a former major LNG consumption region, are arbitraged (Hartley, 2013) . It would be interesting to create a trade rule for arbitrage of the cargoes from the US, sourced from Middle East, to the UK and Japan. In deriving such a rule, the calculation of margin of arbitrage requires the price for the LTC cargo in the US. Due to the vastness of the US, there is no single reference price for the LNG cargoes, but rather the price is linked to many local hubs in the country. For further discussion on the US LNG pricing see, e.g., Dickel et al. (2007) . Thus, any rule created would be specific and related to the local hub of the destination regasification terminal for the LTC cargo, and not the whole country. Owing to this fact, there cannot be a single general rule but rather several rules, possibly as many as the number of local hubs associated with regasification terminals in the US.
(ii) Rules similar to the one created in this work, and those suggested in the previous recommendation for further research, can be established for spot sale by spot chartered tankers. The complexity of deriving such rules comes from the uncertainty in spot tanker chartering fees, which are very volatile.
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Appendix A: supplementary material
A1. Reasons behind the choices and further detailed specifications for the LNG project
A1.1. Spot markets
The prominent spot LNG importers in Asia and Europe, correspondingly, Japan and the UK are picked as potential spot markets for the project. Japan has been the backbone of LNG sector and is the biggest LNG consumer in the world. In the wake of the Fukushima nuclear crisis, it has increased its already dominant spot import, such that in 2014 it was the destination for more than 37% of the world LNG spot trade. The UK, with a considerable LNG storage capacity and a liquid gas market, is included as an option in any evaluation of LNG spot sale; in 2014, more than 90% of all the spot LNG sales destined for Europe ended in the UK (GIIGLN, 2015) .
Note that the capacity of the maximum tanker that can be served at spot markets, just like the CIF/DES-LTC buyer's destinations, is 175,000 m 3 ( ).
A1.2. Liquefaction plant
In the tests performed, the expenses of liquefaction plant associated with the circulation of LNG in the tanks and re-liquefaction of its boil-off are not considered, as they are extremely small and negligible given the cheap prices of energy in Middle East. 
A1.3. Shipping
As discussed before, the LNG producer has 10 fixed tankers, none of which is considered dedicated to any specific LTC delivery. All the tankers are assumed to be available and ready for service at the beginning and during the study time period [ ℎ = 1. ∀, ℎ ∈ , ∈̂ (= )]. The size of these tankers is 165,000 m 3 each, which is the size of the average LNG tanker in near future (Palmer, 2015) .
The fixed tankers travel at an average speed of 19.5 knots (Bortnowska, 2010; Stanivuk and Tokic, 2013) , therefore the return trip to the destinations defined for the LNG project in the South Korea, US, Japan and UK takes approximately, 26, 36, 28 and 28 days, respectively. Laden and ballast trips have equal lengths. In calculating the trip times, in addition to loading and discharging, that take one day each, queuing for and crossing the Suez Canal, on either way, is considered to take about one day too (Shea, 2015) . Slow steaming in LNG sector is practiced when the fuel oil prices are high and the LNG prices are low. Yet, considering the low oil prices ahead resulting in low fuel oil prices (this is discussed later in Fuel costs), slow steaming is not economical and hence not considered as an option in this research.
Voyage costs for tankers:
Fuel costs: about half of the fuel a tanker burns in each day comes from fuel oil, while the remainder comes from the natural boil-off. The boil-off energy is sufficient for tankers in ports and in crossing the Suez Canal (Gilmore et al., 2005) . Note that LNG tankers due to burning boil-off gas as part of their fuel are low emission compared to non-LNG vessels, e.g., container ships. For a discussion on the role of various technologies and policies in the reduction of greenhouse gas ( Given the competitive energy prices in Middle East, the tankers would, habitually, bunker at Fujairah (the bunker hub of Middle East), United Arab Emirates. Bunkering outside Middle East and on passage to the UK and Japan might occur due to poor planning resulting in running low on fuel oil, respectively, e.g., in Singapore and Gibraltar that offer prices roughly in the same range as Fujairah; but it is not common. Tankers do not make large deviations from their fixed service passage for bunkering, as it is not economical. For example, although Rotterdam fuel oil prices have historically been lower than Fujairah, tankers in delivering LNG cargoes to the UK do not steam up there for bunkering, as it is a large deviation. Market analysts (see, e.g.; Kaletsky, 2015) suggest that for the foreseeable future the Organization of the Petroleum Exporting Countries (OPEC) will attempt to cap the WTI oil prices at approximately $50/bbl, which is the estimate for non-conventional oil production costs, to prevent any market share loss to non-conventional producers mainly based in North-America. The floor WTI price would be about $20/bbl, which is the break-even point for conventional oilfields. However, the financial obligations of the producer countries may require a higher floor price. Therefore, the IFO 380 price, given its coherence with WTI, is expected to range between $146/tonne and $333/tonne. In the sensitivity tests, regarding the IFO 380's price, three scenarios are considered, as said before, the floor: $146/tonne, the middle: $240/tonne, and the cap: $333/tonne.
The average tanker burns 0.12%/day of the LNG cargo, which naturally boils-off, in laden voyage, and 0.1%/day of the cargo in the ballast voyage. The cost of natural boil-off is the production expense of LNG at the liquefaction plant. Determining this expense, due to the reluctance of producers in disclosing commercially sensitive information, is difficult, however, it has been estimated to be approximately $1/MMBtu in the Middle East currently and for the near future (Flower, 2015) . This is the production expense after recovery of CAPEX through depreciation, as the majority of LNG projects in the Middle East are mature (see; GIIGLN, 2015) and have passed their depreciation period. There is no prospect of new projects in Middle East at least in the short term, as, since a while back, rising domestic demand, lack of regulatory or energy policy clarity, absence of economic and political stability, and reserves which are more difficult to recover, have put any new investment in and development of the LNG projects in the region on halt (IGU, 2012b).
Canal charges: the Suez Canal fee in Subsection 3.1 is estimated to be $850,000 for near future. There are very useful tools available online for calculating and estimating the Suez Canal fee, see, e.g., LETH Agencies (2015). The records of special drawing rights (SDR), which is the weighted currency basket based on which the canal fee is calculated, are available from IMF (2015). The degree to which prices and in particular the highly volatile spot prices will fall is very difficult to determine and a matter of speculation among analysts. Historically both the UK and Japanese spot prices experienced a record low in 2009, both approximately at $4/MMBtu, at the height of the credit meltdown. For the sake of sensitivity tests this price is chosen as the floor and differences up to $8/MMBtu are considered between Japan and the UK. In this, nine scenarios of pairs of spot prices for Japan and the UK are considered (see , Table A1 .1). The authors are aware that Japanese LNG prices are, in general, higher than the UK prices; as Japan is highly dependent on gas as an energy source, with LNG being the major source of gas, which provides leverage for LNG producers in pricing their export to Japan. Yet a shift to an LNG buyer's market, coupled with a surge in Australian LNG supply from sources closer to Japan, could change this dynamic. So scenarios A, B, C, and D in Table A1 .1, although less likely than the others, should not be branded as infeasible.
A1.4. LNG prices
A2. Detail of results
Tables A2.1-A2.3 present the results for spot sale of uncommitted LNG from Middle East to Japan/UK, for the floor ($146/tonne), middle ($240/tonne), and cap ($333/tonne) prices of IFO 380, considering the LNG spot price scenarios presented in Table A1 .1. In all the tables, somewhere between LNG price scenarios D and E the market of choice changes. Note that all the sensitivity tests in this research are carried out on a computer with 3.50 GHz AMD-FX(tm)-8320 Eight-Core Processor and 16 GB RAM. The branch-and-bound node limit in the optimizer, ILOG CPLEX Optimization Studio 12.6.1, for the tests is set to 500,000, while the other settings are left with the default values. The details of results for further sensitivity tests when the LNG spot prices of Japan and the UK are equal, ranging between $5/MMBtu and $12/MMBtu, are presented in Table A2 .4. The tests show that the choice, for sale of uncommitted Middle Eastern LNG, between Japan and the UK is insensitive to the IFO 380 price. In other words, in picking between these two destinations, the market with higher spot price should be chosen. 
